OBJECTIVES: The goal of this study was to evaluate early and late outcomes of combined valve-sparing aortic root replacement and total arch replacement (TAR).
INTRODUCTION
Combined aortic root replacement and total arch replacement (TAR) is a challenging and massively invasive procedure [1, 2] . Extended aortic root and arch replacement is utilized for young patients such as those with Marfan syndrome whose aortic arch is dissected or enlarged. Although standard procedure for aortic root lesion is the Bentall procedure, aortic valve-sparing operation for annuloaortic ectasia (AAE) has been widely standardized [3, 4] . The aim of this study was to evaluate the early and late outcomes of combined aortic valve-sparing root replacement and TAR.
PATIENTS AND METHODS
This study was approved by the institutional review board of Kobe University Hospital, and written informed consent was waived for this study. From October 1999 to May 2014, 195 patients underwent valve-sparing operations using the David reimplantation technique. Among them, 31 patients underwent combined TAR and aortic root replacement with the valve reimplantation technique because of arch pathology. This series included consecutive patients who were highly selected for operation owing to their good preoperative status. The exclusion criteria for this mode of operation were patients with unstable haemodynamics, patient' age over 65 years and major comorbidities [such as chronic kidney disease, chronic obstructive pulmonary disease (COPD) or stroke] and patients with organ malperfusion secondary to acute aortic dissection. The aetiologies of aortic disease were as follows: acute type A aortic dissection in 12 cases, chronic type A aortic dissection in 8 cases and non-dissecting aneurysm in 11 cases. There were 9 patients (33%) with Marfan syndrome. Preoperative patient' characteristics are described in Table 1 . The preoperative degree of aortic regurgitation (AR) was mild in 4 cases, moderate in 16 cases and severe in 11 cases. The indications for TAR were aortic aneurysm extending distally from the left subclavian artery in 19 patients and acute type A aortic dissection with AAE in 12 patients (Fig. 1) . The diameter of the aortic arch in patients with non-dissecting pathology was 57.3 ± 6.8 mm. Preoperative echocardiographic data are given in Table 2 . Three patients had previously undergone hemiarch repair for acute type A dissection and had AR caused by commissure dehiscence. The average age at operation was 48.3 ± 13.9 years (age range, 21-73 years).
SURGICAL TECHNIQUE
After median sternotomy, cardiopulmonary bypass (CPB) was established with bicaval drainage. Central aortic or femoral artery cannulation was selected. The selection of the site of cannulation was determined by findings from preoperative computed tomography (CT) and intraoperative epiaortic echocardiography. We routinely used the cold blood cardioplegia technique.
Aortic root repair was performed before the arch replacement in the patients whose ascending aorta could be cross-clamped. We considered that aortic root repair could be securely performed during core cooling prior to the arch replacement. Some surgeons prefer to do aortic root repair during rewarming. There is no significant difference between these strategies, but aortic cross-clamp should be done promptly when ventricular fibrillation occurs due to the presence of aortic insufficiency. After the aorta was clamped, the aortic root was dissected below the level of the aortic annulus, the Valsalva sinuses were excised leaving 5-mm-wide aortic tissue and coronary buttons were created. In patients with acute type A aortic dissection, the dissected layer of the aortic root was re-attached using gelatin-resorcin-formalin (GRF) glue before the resection of the Valsalva sinus. The first patient received a Dacron straight graft (David I) with a diameter that was 4 mm larger than the aortic annular size. We switched to the hand-made 'Valsalva graft' in 4 patients, and from November 2002 onwards, we exclusively used the Gelweave Valsalva AnteFlo Gelatin Impregnated Woven Dacron Graft (Sultzer Vascutek, Renfrewshire, UK) for the reimplantation technique [5] . Twelve polyester 3-0 mattress sutures with pledgets were placed in the horizontal plane below the nadir of the valve leaflets in the left ventricular outflow tract. The top of each commissural post was placed inside the graft with a mattress suture. The second row of 5-0 polypropylene continuous sutures was placed at the nadir of the cusp and was verified as watertight. If required, aortic cusp repair was performed at this stage. Cusp repair was performed in 2 patients using the plication technique at the node of Arantius.
The valve competency was then tested by injecting cardioplegia into the graft clamped at the distal portion. The detail of intraoperative water test was described previously [6] . If the graft was sufficiently tense under a cardioplegic line pressure of over 250 mmHg, or if the vent return from the left ventricle was under 300 ml/min, the degree of regurgitation was graded less than mild by transoesophageal echocardiography, as performed by the anaesthesiologist or cardiologist. The coronary buttons were attached to the side of the graft and core cooling was started. Our standard approach for TAR has been described previously [7] . All patients were placed in the supine position and diodes for near-infrared spectroscopy (NIRS) were attached on the foreheads bilaterally. For NIRS we used the INVOS 5100C apparatus (Somanetics, Troy, MI, USA), which provides continuous data regarding regional cerebral oxygen saturation (rSO 2 ). After the tympanic temperature had dropped to 23°C with rectal temperature below 30°C, the aortic arch was opened and antegrade selective cerebral perfusion (SCP) was started in all patients except for in 1 patient who had retrograde cerebral perfusion (RCP). A 14-or 16-Fr balloon-tipped cannula was inserted from inside the aorta into the brachiocephalic artery, and 12-Fr cannulas were positioned in the left carotid artery and left subclavian artery. Antegrade SCP flow was maintained at 10-12 ml/kg/min using an independent pump, and the balloon tip pressure was maintained between 30 and 50 mmHg. This technique has been used routinely in our TAR operation [7] . The distal end of the aneurysm was transected during circulatory arrest (CA) of the lower body. A sealed quadrifurcated Dacron graft ( Japan Life Line, Tokyo, Japan) or Triplex vascular graft (Termo Corporation, Tokyo, Japan) was used. Open distal anastomosis was performed using a 4-0 polypropylene suture with external Teflon felt reinforcement. A Dacron graft was inserted into the descending aorta as an elephant trunk for the patients with acute type A dissection. The size of the elephant trunk graft was 16-20 mm in diameter and 5-10 mm in length. After completion of the distal anastomosis, the lower body circulation was restarted through a side branch of the graft and systemic rewarming was started. Along with rewarming, antegrade SCP flow was gradually increased while maintaining the baseline values of rSO 2 . However, antegrade SCP flow was limited below 1200 ml/min to prevent brain oedema. The graft-graft (arch and root) anastomosis was then accomplished, followed by coronary reperfusion. The heart started beating after this anastomosis. Aortic arch vessels were anastomosed to the side branch of the graft with a 5-0 polypropylene suture. Data regarding operative procedures are given in Table 3 .
RESULTS
Average operation time, CPB time, myocardial ischaemic time, SCP time and lower body CA time were 9.1 ± 1.8 h, 300.6 ± 50.4 min, 213.7 ± 33.5 min, 90.4 ± 20.4 min and 39.8 ± 15.2 min, respectively. Intraoperative data are given in Table 2 . A second CPB run was necessary in 1 (3%) patient because of residual AR.
No hospital deaths occurred. Postoperative complications were as follows: 1 patient required prolonged mechanical ventilation (>48 h) and 2 patients required re-exploration for bleeding. Other complications such as neurological dysfunction, low cardiac output syndrome, renal failure, malperfusion syndrome or pericardial effusion did not occur. At the time of discharge, 2 patients had mild AR, 22 patients had trace AR and 7 patients had no AR (Fig. 2) .
Follow-up was completed in 95.1% of patients and no late death was observed with a mean follow-up period of 60.5 ± 9.1 months (Fig. 3A) . One patient required reoperation because of recurrent AR. The cause of recurrent AR was commissure dehiscence due to tissue necrosis secondary to GRF glue in a patient with acute aortic dissection.
Freedom from aortic valve-related reoperation at 5 and 10 years was 100 ± 0 and 83.3 ± 3.5%, respectively (Fig. 3B) . During follow-up, 2 patients had moderate AR, 7 had mild, 18 had trace and 3 had no AR (Fig. 1) . Freedom from moderate or severe AR at 5 and 10 years was 83.3 ± 3.5 and 83.3 ± 3.5% (Fig. 3C) , respectively. No thromboembolic complication was observed during late follow-up.
COMMENT
The benefit of aortic valve-sparing operation includes freedom from anticoagulant therapy, and extensive TAR is a desirable option for younger patients. But combined aortic valve-sparing operation and TAR requires longer cardiac ischaemic time and prolongation of CPB time when compared with conventional composite graft replacement and hemiarch replacement. According to an annual report by the Japanese Association for Thoracic Surgery, concomitant aortic root and TAR was performed in 87 cases for non-dissected pathology and 97 for dissection, annually [8] . These numbers included both valve-sparing root replacement and Bentall-type operations. This study demonstrated that our mortality and morbidity rate after combined valve-sparing aortic root and TAR was favourable. One of the advantages of extended TAR in patients with acute type A dissection is that it reduces the complexity in late descending or thoracoabdominal aortic operation by clamping of the elephant trunk without deep hypothermia [1, 9] .
Patients with Marfan syndrome are usually young at the time of operation. Therefore, we believe that a more radical approach may be justified in Marfan patients presenting with acute type A dissection when the aortic arch is dissected or enlarged [10] . Kim et al. [11] reported that the proximal descending aorta was the major site of late aneurysm formation, with a proximal descending luminal diameter of >40 mm on initial CT. Other authors described the influence of residual false lumen thrombosis on long-term outcomes after surgery for acute type A aortic dissection [12, 13] . Song et al. reported that partial thrombosis of the false lumen after repair of acute type A aortic dissection, when compared with complete patency or complete thrombosis, is a significant independent predictor of aortic enlargement, aortarelated re-procedures and poor long-term survival. We believe that extended aortic arch replacement is desirable for younger patients with acute type A aortic dissection. The benefit of the frozen elephant trunk method was described by Uchida et al. [14] . The use of this procedure can obviate problems with incomplete thrombus formation between the graft and the aneurysmal wall.
Our indication for aortic valve-sparing root replacement in acute type A dissection included young patients with stable preoperative haemodynamics, Marfan syndrome, pre-existing AAE, root enlargement (maximal diameter of Valsalva sinus over 45 mm) and existence of entry tear in the aortic root or rupture of aortic root. In addition, patients who had recurrent AR after hemiarch repair for acute type A aortic dissection were included in this study. Indications for TAR also included a large aneurysm extending from the aortic root to the distal arch, and young patients with acute type A aortic dissection or entry tear in the aortic arch.
The Bentall operation or valve-sparing operation (aortic root reimplantation or aortic root remodelling) is chosen for aortic root pathologies. The indication for valve-sparing operation should be determined according to the surgeon's experience, particularly with regard to abnormal cusp cases. The Bentall operation still remains the gold standard for AAE, with excellent early and long-term outcomes reported in many studies [15, 16] . However, the valve-sparing aortic root operation can provide excellent haemodynamics and freedom from anticoagulation therapy. Although the indication of this technique for AAE was initially limited to patients with normal cusps, various techniques to repair abnormal cusps have been tried [17, 18] . Extensive experience of the centre and the surgeon is necessary for success of this operation. In our series, 103 patients among 195 patients who underwent valve-sparing operations using the David reimplantation technique had cusp repair for correction of various cusp pathologies. We reported that freedom from reoperation was 89% at 5 years, and that freedom from recurrent AR (>2+) was 87% at 5 years in our 125 patients [6] . Boodhwani et al. studied 428 consecutive patients who underwent nonemergency aortic valve repair for AR with or without ascending aortic disease. Of these, 194 (45%) patients had cusp repair because of cusp prolapse. They reported their excellent results that freedom from aortic valve reoperation was 93% at 8 years, and freedom from recurrent AR (>2+) was 93%. However, they excluded patients with aortic dissection from their study [17] . Some reports described excellent outcomes of valve-sparing aortic root operation for acute type A aortic dissection at the early and mid-term follow-up time points [19] [20] [21] . In the series by Hannover, combined operation of valvesparing and TAR was performed only in selected patients: 6.7% among the 284 cases of valve-sparing root replacement performed from 1993 to 2004 [20] . Subramanian et al. reported that 78 cases with acute type A aortic dissection who had both David and Yacoub techniques had early and mid-term results that were comparable with those of the Bentall procedure. In addition, concomitant TAR was performed in 63% of their cohort (83 with Bentall, 31 with Yacoub and 17 with David), while 30-day mortality in the Bentall group and valve-sparing group was 27 and 15%, respectively. In the setting of acute type A dissection, repair of valve-sparing root replacement with concomitant TAR is justified, despite its technical difficulty [21] . In the report recently published by David et al. [22] , concomitant arch replacement was more frequently performed with the remodelling technique (28%) than with the reimplantation technique (13.3%), which might be explained by longer aortic cross-clamp time required for the reimplantation technique, which could be considered as a possible cause of this tendency. Leyh et al. [23] reported that the aortic remodelling technique for acute type A aortic dissection was associated with a high failure rate.
In this study, serious complications, such as those involving the brain, heart and intestines, were not observed. There was no hospital mortality. Postoperative complications included prolonged ventilation over 48 h and need for reoperation to address bleeding that was probably due to prolonged extracorporeal circulation. Kazui et al. [24] reported that CPB time over 300 min is an independent determinant of in-hospital mortality. COPD and renal dysfunction are also the risk factors for adverse outcomes after aortic surgery [25] .
STUDY LIMITATIONS
This was a retrospective study that was conducted in a small number of patients, and all operations were performed in a single institute.
CONCLUSIONS
Early and mid-term outcomes of combined valve-sparing aortic root replacement and TAR were favourable and provided excellent freedom from thromboembolic complication. In highly selected patients, this operation can be performed safely.
